Differences in the frequency of pharmacogenomic variants may influence inter-population variability in drug efficacy and risk of adverse drug reactions (ADRs). We investigated the diversity of B4500 genetic variants in key drug-biotransformation and -response genes among three South East Asian populations compared with individuals of European ancestry. We compared rates of reported ADRs in these Asian populations to determine if the allelic differentiation corresponded to an excess of the associated ADR. We identified an excess of ADRs related to clopidogrel in Singaporean Chinese, consistent with a higher frequency of a known risk variant in CYP2C19 in that population. We also observed an excess of ADRs related to platinum compounds in Singaporean CHS, despite a very low frequency of known ADR risk variants, suggesting the presence of additional genetic and non-genetic risk factors. Our results point to substantial diversity at specific pharmacogenomic loci that may contribute to inter-population variability in drug response phenotypes.
INTRODUCTION
Many drugs vary in efficacy and risk for adverse drug reactions (ADRs) between different ancestral populations. One important source of this variability is the difference in frequency of alleles that modulate drug response. 1 In some instances, inter-population differences in drug response have been linked to specific pharmacogenomic variants. For instance, differences in the frequency of VKORC1 variants account for differences in daily warfarin dose requirement between African-American, European and multiple South East Asian populations, 2, 3 and differences in the frequency of a key variant in the IFNL3 gene (formerly IL28B) appear to explain inter-population differences in the response rate for treatment of chronic hepatitis C virus infection. 4 Individuals of African ancestry have been shown to harbor higher frequencies of certain variants that predispose to ADRs related to cancer chemotherapeutics and drugs for HIV/AIDS and tuberculosis. 5 However, to a large extent, we lack comprehensive information regarding differences in pharmacologically important genetic variants in many world populations. This is particularly the case for Asian populations, which represent many of the world's most populous regions and yet have been under-represented in pharmacogenomics research as well as clinical trials of medications. 6 Recently, progress has been made to define genetic diversity of drug-response alleles in global populations, including a report describing variation at B1150 variants in individuals from 19 populations, 7 including those from China and Japan. Man et al. 8 previously explored the diversity of 165 drug-metabolizing enzyme and transporter variants in individuals of Han Chinese, Japanese and Korean ancestry, and identified many similarities, but also important differences between these Asian populations.
Singapore is a multi-ethnic city-state comprising three major population groups, the Chinese, Malays and Indians, with a shared environment. Previous studies have documented important differences among Singaporean populations in the frequency of specific drug-response alleles, for example, variants in CYP3A4, PXR, CAR, HNF4a, CBR3, AKR1C3, SLC28A1 and other genes associated with response and toxicity to chemotherapeutic agents, [9] [10] [11] [12] [13] [14] [15] SLCO1B1 variants associated with statin exposure, 16 and CYP2C19 variants associated with clopidogrel response. 17 These studies suggested that, despite the overall similarities between these population groups, they may harbor clinically important differences in the frequencies of specific drug-response alleles that contribute to inter-population differences in the risk of ADRs and drug efficacy. Here, we explored the allelic diversity of drug-biotransformation and -response genes among individuals in the Singapore Genome Variation Project (SGVP) in comparison with individuals of European ancestry from the Canadian Pharmacogenomics Network for Drug Safety (CPNDS) 18 using a custom assay for pharmacogenomic variation in B4500 markers. We made use of dense genome-wide genotyping of the SGVP populations to investigate the haplotypic landscape around selected pharmacogenomic variants. 19 Finally, we tested the hypothesis that the observed allelic differentiation corresponds to inter-population differences in drug-response by examining rates of reported ADRs in the three Asian populations. Our results point to substantial diversity at specific variants both within and between these populations, which may explain some of the observed variability in drugresponse phenotypes between these population groups.
MATERIALS AND METHODS

Study populations
The study populations consisted of the 268 individuals of Chinese, Malay and Indian ancestry from the SGVP, 19 designated CHS, MAS and INS, respectively, and 958 individuals of European ancestry designated EUR, recruited through the CPNDS. 18 Population group was self-reported for both SGVP and CPNDS populations on the basis of all four grandparents belonging to the same population, and was verified by principal component analysis. All samples were assessed for cryptic relatedness on the basis of excessive identity by state genotypes or identity by descent estimation for SGVP and EUR, respectively. For SGVP, the 268 individuals were those that passed QC, thus any individuals with non-concordant selfreported and genetically inferred ancestry, evidence of admixture or possible duplicates and relatives were removed. Among the EUR samples, no duplicates or related individuals were identified.
All participants, or their legal guardians in the case of minors, provided written informed consent. This study was approved by the Institutional Review Boards of the National University Hospital and National University of Singapore and the University of British Columbia.
ADME panel and genotyping
All samples were genotyped using a custom Illumina Infinium genotyping assay (Illumina, San Diego, CA, USA) designed to probe 4535 singlenucleotide polymorphisms (SNPs) in 359 key genes involved in drug absorption, distribution, metabolism and excretion (ADME). The design of this panel has been reported previously. 5, 20 In brief, this assay was designed to capture variation in candidate genes selected for known or suspected involvement in drug biotransformation as well as drug transporters and drug targets. This assay includes both tagging SNPs, selected using the LDSelect algorithm 21 and Hapmap 22 as well as putative functional variants identified via public databases and literature review. Genotypes were called using the Illumina Genome Studio software package as previously described. 5, 20 Quality control QC procedures were performed for SGVP and EUR populations separately. For each data set, duplicate samples with lower call rate and samples with call rates o90% were first removed. Subsequently, duplicate SNPs with lower call rate and SNPs with call rates o90% were removed. Any duplicate SNPs with o90% concordance were also removed. For SGVP samples, concordance of SNPs that overlap with the existing SGVP database was also checked and any samples or SNPs with o95% concordance were removed. For SNPs present on both the ADME panel and the SGVP database, the data set with higher call rate for that SNP was used. Deviation from Hardy-Weinberg equilibrium was assessed within each population using the w 2 goodness-of-fit test and a threshold of Po0.001 to indicate deviation. SNPs with genotype data for both SGVP and EUR samples that passed QC procedures were used for analysis.
Statistical analysis
Variance in allele frequencies. The variance in minor allele frequency (MAF) at each SNP was compared across populations using Wright's fixation index (F ST ). 23 An F ST value of 40.05 indicates a moderate degree of between-population differentiation, and 40.15 indicates a substantial degree of between-population differentiation. 23 Comparisons were made within SGVP populations, and between SGVP populations and EUR. For SNPs present in the SGVP database but not on the ADME panel, the MAF for EURs were obtained from the HapMap CEU population. For each F ST , an empirical P-value was calculated as the proportion of SNPs with a F ST of that value or greater in the SGVP and HapMap CEU databases. The empirical P-value therefore indicates how differentiated a SNP is with respect to the rest of the genome. For comparisons among the SGVP populations only, empirical P-values were calculated using 1 547 281 SNPs that were common across the three populations. For comparisons involving EUR, empirical P-values were calculated using 1 296 966 SNPs common between SGVP and HapMap CEU. The 95% confidence intervals around the MAFs were calculated using the Jeffrey's interval. Analyses were carried out using R version 2. 25 (level 1A-2B evidence) that displayed a moderate-to-high degree of differentiation (F ST X0.05) between the CHS, MAS and INS in our data set. We also included clopidogrel because its associated variant CYP2C19 rs4986893 displayed a large inter-population frequency difference despite a lower F ST value in our study and because other functional clopidogrel-associated SNPs have previously been reported to be highly differentiated in Singaporean populations. 17 We compared the actual proportion of ADR reports per population to the expected proportion based on the demographic composition of Singapore 26 using the w 2 test after correction for multiple-hypothesis testing. ADR reports were further analyzed using the World Health Organization Adverse Reaction Terminology (WHO-ART) preferred terms.
Haplotype construction and variance in haplotype structure. To explore how well genotyped variants tag for possible functional variants, we examined gene regions containing highly differentiated clinically associated SNPs (F ST 40.05), which are not known or are unlikely to be functional. The ADME genotype data for SGVP samples were pooled with the existing SGVP database and re-phased using BEAGLE version 3.3.2 27 by population. Haploview version 4.2 28 was used and the risk allele-carrying haplotypes with at least 1% frequency in each population were displayed diagrammatically for comparison using R. Data for CEU were downloaded from HapMap for haplotype construction. TPMT haplotypes were constructed following phasing of genotypes using BEAGLE. For the SGVP populations, the ADME genotype data were combined with SGVP data and phased again, and the TPMT SNPs that define *2, *3A, *3B and *3C haplotypes (rs1800460, rs1142345 and rs1800462) were extracted and the haplotype frequencies estimated by counting within each population. For EUR, these three SNPs were phased using BEAGLE and the haplotype frequencies obtained by counting. Haplotypes were identified as *1 if they had the common allele at these three SNPs.
The haplotype similarity index (HSI) was calculated as previously described 29 for the common set of SNPs that are polymorphic in at least one population and 10 kb of flanking region. Briefly, the HSI is the amount of variance explained by the first principal component of a similarity matrix representing differences between all the haplotypes in the same region. The HSI ranges from 0 to 1 with lower values indicating greater diversity.
RESULTS
Pharmacogenomic diversity across SGVP populations and EURs
Following QC procedures, our data set included genotypes for 3972 SNPs in 253 individuals from SGVP (88 CHS, 87 MAS and 78 INS) and 956 EURs. Importantly, our custom ADME panel provided genotype data for an additional 934 SNPs to the densely genotyped SGVP data set previously typed for 1.6 million sites, 19 including many more coding and potentially functional variants that may influence drug-response phenotypes (coding variants: 12.7% of new 934 SNPs vs 1.8% of SGVP SNPs, P ¼ 5.2 Â 10 À 164 ), highlighting the additional information that can be derived from dedicated ADME genotyping assays beyond what is available from commercially available genome-wide panels. The MAF, F ST and empirical P-values for the eight different population comparisons across the 3972 SNPs are shown in Supplementary Table 1. Figure 1 shows the distribution of F ST values within and between these populations. The three SGVP populations tended to be more similar among themselves than with EUR at these pharmacogenomic markers (Figure 1a ). Within the SGVP populations, CHS and MAS tended to be more similar at these sites than either CHS and INS, or MAS and INS (Figure 1b) . Similarly, EUR and INS were more similar than either CHS and EUR, or MAS and EUR at these sites (Figure 1c) . Figure 1d shows the principal component analysis plot of these populations based on ADME genotype data, reflecting a similar pattern of population structure compared with that determined using genome-wide data. 19 The median F ST of these ADME markers in the CHS, MAS and INS populations is 0.0187 compared with 0.0186 for genome-wide non-ADME markers, indicating that the degree of differentiation of ADME markers is similar to that of the rest of the genome. Consistent with this, the distribution of F ST in CHS, MAS and INS is similar for ADME compared with non-ADME markers (Figure 1a) .
Pharmacogenomic diversity at clinically annotated markers Table 1 shows the MAFs across the four populations for clinically annotated SNPs with a moderate to high level of evidence (levels Project (SGVP) populations (for both absorption, distribution, metabolism and excretion (ADME) and non-ADME single-nucleotide polymorphisms (SNPs)) and the SGVP populations and Europeans (EUR); (b) pairwise comparisons within the SGVP populations and across all three populations; and (c) pairwise comparisons between each SGVP population and EUR, and across all four populations. Curves that are shifted to the left indicate a lower degree of differentiation at the ADME variants. Within the SGVP populations (b), the Chinese (CHS) and Malay (MAS) populations are more similar at these ADME sites than are CHS and Indians (INS) or MAS and INS. Between SGVP and EUR (c), the INS and EUR show a lower degree of relative differentiation than do the CHS and EUR or MAS and EUR. Panel d shows a principal component analysis (PCA) plot of the four populations.
1A to 2B) in PharmGKB that display at least a moderate degree of differentiation (F ST X0.05) across the four populations. Among these variants, we observed significant differentiation at three SNPs in VKORC1: rs9923231 (F ST ¼ 0.375), rs9934438 (F ST ¼ 0.377) and rs7294 (F ST ¼ 0.276), all associated with warfarin dose requirement. We observed a higher frequency of the CYP3A5 rs776746 'T' allele, associated with increased clearance of tacrolimus, among the three SGVP populations compared with EUR (F ST ¼ 0.053). ABCG2 rs2231142, associated with increased statin exposure, 30 was more common in CHS compared with EUR (30.4% vs 10.8%, F ST ¼ 0.091). COMT rs9332377, associated with increased risk of cisplatin-induced ototoxicity, 20 is common in EUR but was extremely rare or absent in the CHS and MAS populations (F ST ¼ 0.101). Conversely, ERCC1 rs11615, associated with a lower rate of cisplatin-induced nephrotoxicity, 31 was more common in CHS compared with EUR (75.3% vs 37.4%, F ST ¼ 0.082).
Differences at some of these sites, while not associated with large F ST values, may still be clinically relevant. For instance, the rs4986893 variant in CYP2C19 (CYP2C19*3 allele), associated with decreased conversion of the pro-drug clopidogrel to its active metabolite, was 450-times more common in CHS compared with EUR (5.7% vs 0.1%), consistent with previous reports; 17 because of the low frequency of this variant the F ST value did not exceed 0.05. The F ST for variants in the TPMT gene, associated with metabolism of thiopurine compounds as well as cisplatin-induced ototoxicity, were also low but may nonetheless be informative. Consistent with previous reports, we observed that B10% of EURs have a non-*1/*1 TPMT diplotype, indicating reduced activity of this enzyme. 32, 33 In contrast, this was observed in o2% of CHS or MAS (Supplementary Table 2 ), suggesting that the diagnostic yield of pre-emptive genotyping before thiopurine administration is likely to be much lower in these two Asian populations. These two examples highlight that while the F ST provides a useful initial measure of differentiation at particular SNPs, a low F ST does not exclude the possibility of a clinically meaningful difference in allele frequency, in particular toward the lower end of the frequency spectrum.
Correlation of allele frequencies with the proportion of observed ADR reports by population To determine if the differentiation we observed at important pharmacogenomic loci in Singaporean populations correlate with inter-population differences in ADR rates, we examined data from the HSA of Singapore, which acts as the national center that monitors and reviews ADR reports in Singapore. We examined all ADR reports from January 2001 to December 2013 for drugs associated with a clinically annotated ADR marker that displayed at least a moderate degree of differentiation among CHS-MAS-INS in our study (F ST X0.05). We also included clopidogrel, as its ADR-associated SNP, CYP2C19 rs4986893, displayed a large interpopulation difference in frequency despite a lower F ST and because previous studies have reported that CYP2C19 polymorphisms influence clopidogrel bioactivation in Singaporean populations. 17 This resulted in four drug-SNP sets: warfarin (VKORC1 rs9923231, rs9934438 and rs7294), platinum compounds (COMT rs9332377), statins (ABCG2 rs2231142) and clopidogrel (CYP2C19 rs4986893). We then compared the observed number of ADRs related with these drugs reported per population to the expected number under a model of no inter-population differences, based on the population structure of Singapore from the Singapore 2005 General Household Survey, 26 to identify drugs with a significant excess or deficiency of ADRs reported in a particular population (Supplementary Table 3) .
Of these four drugs examined, two displayed a statistically significant excess or deficiency of ADRs in one or more population compared with the model of no inter-population differences after correction for multiple testing: platinum compounds and 
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clopidogrel (Figure 2) . We observed an excess of ADRs related to clopidogrel in the Chinese population, in keeping with the higher frequency of the low activity CYP2C19*3 (rs4986893) allele in CHS. We also noted a statistically significant excess of ADRs associated with the platinum drugs in the Chinese population that was in the opposite direction of the COMT rs9332377 risk allele, being more rare in Chinese. We therefore considered other SNPs that have been reported to be associated with platinum-related ADRs to identify candidate variants that may contribute to the excess of ADRs in the Chinese population. The frequencies of GSTP rs1695 and XRCC1 rs25487 mirrored the observed distribution of ADRs, with a higher frequency of the risk alleles in the CHS population, suggesting that these variants may contribute to the excess of platinum-related ADRs in the Chinese population (Supplementary Table 1 ). For warfarin, we observed a trend toward fewer ADRs in the Indian population, including all ADRs, and the subset related to over-coagulation, although this difference did not reach statistical significance. Nevertheless, this trend is in keeping with the lower frequencies of the VKORC1 rs9923231, rs9934438 and rs7294 variants in INS, all associated with increased sensitivity to warfarin.
Haplotype diversity For many pharmacogenomic biomarkers, the underlying functional variant is unknown and the genotyped variant acts as a 'tagging' SNP for a presumed functional variant that is in linkage disequilibrium (LD). However, the predictive accuracy of such a marker depends on the degree of LD between the tagging marker and the functional SNP. As patterns of LD differ widely between populations, 34 a tagging SNP identified as being predictive of a drug-response phenotype in one population may not be accurate in other population groups. This is particularly the case for loci that are highly differentiated between populations.
We made use of the previous genome-wide genotyping of the SGVP cohort as well as HapMap CEU data to examine the haplotypic diversity around pharmacogenomic markers that displayed a high degree of differentiation and for which the underlying functional variant is unknown. These included variants in the COMT, ERCC1, FDPS and GRIK4 genes. We also calculated the HSI 29 to quantify the degree of haplotypic diversity, with lower values indicating greater diversity. In the COMT gene region shown in Figure 3a , the risk variant was present on only one main haplotype in CEU, MAS and INS, with an additional low frequency haplotype in INS. This suggests that rs9332377 would be expected to tag a putative functional variant within this LD block similarly in CEU, MAS and INS. This variant is absent in CHS, making it a nonuseful marker in that population. The HSI for the entire COMT region was 0.859, suggesting that there may be greater haplotypic diversity outside of the LD block that we examined; tagging by rs9332377 may thus be less reliable if the functional variant is distant to rs9332377. For ERCC1 (Figure 3b ) and FDPS (Figure 3c ), we observed little haplotypic diversity (HSI for these loci were 0.940 and 0.988, respectively), with the dominant haplotype in each population being shared. This suggests that these SNPs would be expected to tag for nearby functional variant(s) similarly in the four populations. In contrast, the region surrounding the rs1954787 variant in GRIK4 displayed substantial diversity with different predominant haplotypes in the different populations. The HSI for this locus was 0.687. Given this haplotypic diversity, rs1954787 may not be an adequate tagging SNP in different population groups. Collectively, these results suggest that the described SNPs are likely to provide information about nearby functional variants across different populations for COMT, ERCC1 and FDPS, but not for GRIK4 in which case a single tagging SNP may not be appropriate in different populations.
DISCUSSION
Here we investigated the allelic diversity of key pharmacogenomic genes in three major South East Asian populations compared with Europeans, providing insight into the genetic basis of observed inter-population differences in drug-response and laying a groundwork for future pharmacogenomics research in these populations. Our findings extend previous studies examining population differences in frequency of ADME variants 35 to include many more pharmacologically relevant markers, including a much larger number of potentially actionable PharmGKB clinically annotated genes. To our knowledge, this study represents the Figure 3 . Haplotypic diversity in COMT, ERCC1, FDPS and GRIK4. SNPs genotyped in Singapore Genome Variation Project (SGVP), HapMap and the absorption, distribution, metabolism and excretion (ADME) genotyping panel are shown in black vertical lines with respect to their genomic positions. In panel a, the haplotypes carrying the risk allele of COMT rs9332377 (T allele), which is associated with cisplatin-induced ototoxicity, are shown. Only the linkage disequilibrium (LD) block in which rs9332377 is located is shown. The Chinese population is not shown as there were no haplotypes containing the T allele observed in that population. In panel b, the haplotypes carrying the risk allele of ERCC1 rs11615 (A allele), which is associated with a higher risk of toxicity with platinum compounds, are shown. In panel c, haplotypes carrying the risk allele of FDPS rs2297480 (G allele), which is associated with decreased bisphosphonate response, are shown. In panel d, the haplotypes carrying the risk allele of GRIK4 rs1954787 (T allele), which is associated with decreased citalopram response, are shown. Regions were chosen such that haplotypes with frequency 41% accounted for at least 90% of all haplotypes. GRIK4 rs1954787 is located between two LD blocks and no region spanning both the left and right of the SNP contained haplotypes common enough to represent graphically. Only the region to the right of the SNP is shown but similar diversity exists on the left (data not shown). For all genes, only SNPs with minor allele frequency (MAF) X0.05 were used for haplotype construction and only haplotypes with frequencies of at least 1% are shown, except for the COMT rs9332377 haplotype in Malay (MAS), which is the only haplotype in that population that carries the risk allele (a). SNPs that contain information in only one population are not shown. For COMT and GRIK4, the red boxes indicate the gene regions for which the haplotypes are shown. CHS, Chinese; INS, Indians.
most comprehensive survey to-date of pharmacogenomic variants in these three South East Asian populations.
We used data on ADR reporting to investigate whether highly differentiated ADME SNPs in the Singaporean population were correlated with an excess of ADRs for the associated drug. This analysis revealed a statistically significant excess of ADRs related to clopidogrel and platinum compounds in the Singaporean Chinese population, and a non-statistically significant reduction in warfarin-related ADRs in the Singaporean Indian population. The excess of clopidogrel-related ADRs in the Singaporean Chinese is in accordance with the higher rate of the risk CYP2C19*3 allele in CHS. Similarly, the lower than expected rate of warfarin-related ADRs in the Singaporean Indian population mirrors the much lower frequency of VKORC1 variants in INS and is in agreement with previous data showing that VKCOR1 haplotypes explain interethnic differences in warfarin dose requirement in Singapore. 3 Some contradictory signals were also observed; for instance, clopidogrel-related ADRs were lower than expected in the Malay population despite a relatively high frequency of the CYP2C19*3 allele, pointing to other genetic or non-genetic factors that also influence these ADR rates.
Although these data provide initial empirical evidence for interpopulation differences in ADR rates in Singaporean population, several limitations are noteworthy. First, ADR reporting data are from voluntary reports rather than active surveillance systems. Although Singapore has the highest per capita rate of spontaneous ADR reporting in the world, 36 such data sets are nonetheless incomplete, often lacking information on drug dose, and capture an unknown percentage of all ADRs. 37 Second, ADRs are reported from the total population, rather than the total population receiving a particular medication. As such, inter-ethnic differences in disease prevalence, medication use or adherence could bias these results. Finally, for platinum compounds and clopidogrel, many of the reported ADRs were cutaneous reactions (Supplementary Table 3) for which the role of pharmacogenomic variants is less established.
Platinum-based compounds such as cisplatin and carboplatin are associated with significant ADRs, including both hematological toxicity and ototoxicity. Individuals of Asian ancestry appear to be more sensitive to both the efficacy and toxicities of these agents. [38] [39] [40] [41] [42] We observed an excess of ADRs related to platinum compounds in the Singapore Chinese. The COMT rs9332377 variant has been associated with an increased risk of cisplatininduced ototoxicity in a predominantly European pediatric cohort. 20 This variant is common in EUR and INS (16.9% and 20.5%, respectively) but nearly absent in CHS and MAS (0.0% and 0.6%, respectively). The TPMT rs12201199 variant, which has also been reported to be associated with cisplatin-induced ototoxicity in pediatric populations of European ancestry 20, 43 was similarly much less common in the Asian populations. These data indicate that these pharmacogenomic risk loci are unlikely to contribute to the risk of toxicity to platinum compounds in individuals of Chinese ancestry and suggest the presence of additional risk variants in these populations that remain to be discovered.
Individuals of Asian ancestry are often considered to require a lower starting dose of statins than non-Asians. Indeed, equivalent dosing of rosuvastatin leads to a higher plasma drug level in many Asian populations, including Japanese, Chinese, Malay and Indian, compared with Europeans. 16, 44 The SLCO1B1 gene product mediates uptake of a variety of statins into hepatocytes and a nonsynonymous variant in this gene, rs4149056, is a key pharmacogenomic biomarker of simvastatin-associated myopathy. [45] [46] [47] We observed a low degree of differentiation at this SNP among the populations studied, suggesting that this marker is unlikely to explain inter-ethnic differences in statin response. In contrast, we observed significant differentiation of the non-synonymous rs2231142 variant in the ABCG2 gene, being more common in CHS and MAS than in EUR. This variant impacts the pharmacokinetics of both rosuvastatin and atorvastatin, and is associated with higher area under the plasma concentrationtime curve of these drugs. 30 This variant, together with other genetic or non-genetic factors, is therefore a candidate for explaining the higher risk of statin-related ADRs in specific Asian populations.
We were able to harness previous genome-wide genotyping of the SGVP populations to supplement our ADME genotypes and investigate the haplotypic landscape surrounding pharmacologically important SNPs. For three of the four highly differentiated SNPs (rs9332377 in COMT, rs11615 in ERCC1 and rs2297480 in FDPS), the regional diversity was well reflected in a single marker. This implies that although the functional SNP is uncertain, it is likely to be tagged by the clinically annotated SNPs across these different population groups. However, this was not the case with rs1954787 in GRIK4. In this case, the risk allele is found on different haplotypes in the four populations indicating that knowledge of the underlying causal variant would be required to accurately predict drug-response in multiple populations. These data highlight the importance of identifying the causal variants that underlie pharmacogenetic associations in order to optimize their use as predictive markers across diverse populations in which background haplotypes may differ.
Our findings provide direction for future pharmacogenomic studies in Singaporean and South East Asian populations by pointing to specific variants that may contribute to drug-response phenotypes in these populations and may help to prioritize variants for clinical implementation in specific populations. For example, whereas published clinical practice guidelines consider primarily the *2 allele in CYP2C19, 48 our results showing a high frequency of the *3 allele in the Singaporean CHS population and an excess of clopidogrel ADRs in that population suggest that testing for *3 may be warranted in this population. Conversely, we report that loss-offunction haplotypes in TPMT are very rare in the Singaporean CHS and MAS populations, suggesting that testing for these variants is likely to identify few carriers. Our results may also inform the study of the cost-effectiveness of pharmacogenomic testing for specific variants in specific populations based on knowledge of a variant's allele frequency, its effect size, the prevalence of the disease being treated and other factors. Such an analysis was recently reported for the HLA-B*1502 allele associated with Stevens-Johnson syndrome, indicating that testing for this variant before administration of carbamazepine is most cost-effective in Singaporean Chinese and Malay, and less so in Singapore Indian. 49 Our data may also contribute to an assessment of the public health impact of pharmacogenomic testing by means of the population attributable risk 50 that incorporates knowledge of both a variant's effect size and its allele frequency to quantify the benefit of pharmacogenomic testing to reduce the burden of an associated ADR.
In summary, we have surveyed variation in key genes involved in drug-biotransformation and -response in three major South East Asian populations compared with Europeans. We observed significant inter-population differences in many of these variants, potentially contributing to observed inter-populations differences in drugresponse. We have made the SGVP ADME genotype data publically available on the SGVP web portal (http://www.statgen.nus.edu.sg/ BSGVP). These data expand our understanding of the population diversity of the genetic basis of drug-response and form a foundation for future pharmacogenomic investigations in these populations.
